Introduction {#Sec1}
============

Maintenance of the integrity of genomic information is a supreme requirement for all living organisms. In cells, the DNA molecule containing such information is structurally organized in chromosomes, arranged with a number of different protein macromolecular complexes. They are devoted to a variety of functions, from the scaffolding of the chromosomal building to the regulation of the gene expression. The cohesin ring is one of these complexes, an essential nano-machine, powered by ATP hydrolysis, that is capable of encircling DNA strands.

The human cohesin ring is a highly conserved multi-protein structure composed of four major subunits: Smc1A, Smc3, Rad21, and Stag1/2, although only the first three are essential to form molecular rings^[@CR1]--[@CR4]^. A heterodimer of Smc1A and Smc3 subunits forms a coiled-coil-structured ring with an ATPase "head" and a "hinge" domain. The C-terminal domain of Rad21 binds to the Smc1A head^[@CR5]^ while its N-terminal domain binds to the proximal coiled-coil segment of Smc3^[@CR6],\ [@CR7]^. The Smc subunits belong to a family of proteins involved in a large variety of functions related to chromosome structure: chromosome segregation during mitosis and meiosis, DNA repair through homologous recombination, organization of the chromatin during interphase and transcription regulation^[@CR3],\ [@CR8]--[@CR10]^.

Defects in the cohesin ring have been related to genetic disorders, known as cohesinopathies, such as Cornelia de Lange Syndrome (CdLS), Roberts Syndrome, Warsaw Breakage Syndrome, CAID Syndrome and CHOPS Syndrome^[@CR11]--[@CR16]^, as well as to several types of cancer^[@CR17]--[@CR25]^. Defects in proteins that regulate cohesin function have also been related to aneuploidy in neurons, which is a relevant factor in the development of Alzheimer disease^[@CR26]^.

ATP hydrolysis is required for both DNA loading^[@CR27]--[@CR30]^ and unloading^[@CR31]--[@CR33]^. An Smc head heterodimer has to be formed, sandwiching the ATP molecules, prior to the hydrolysis event^[@CR4],\ [@CR5],\ [@CR34]^. Although yeast cohesin Smc heads can interact in the absence of Scc1 (the yeast orthologue of human Rad21)^[@CR30]^, interaction with the Scc1 subunit, in particular with its C-terminal domain, stimulates ATP hydrolysis^[@CR27],\ [@CR35],\ [@CR36]^. The DNA binding-mediated ATPase activity in Smc heads is regulated by the acetylation of several Lys residues located both in the Smc head and in the coiled coils^[@CR2],\ [@CR32],\ [@CR33],\ [@CR37],\ [@CR38]^.

As indicated in a recent review^[@CR4]^, several questions related to the structure and function of cohesin ring remain open. These deal with: the precise series of events that lead to loading, entrapment, release and stable cohesion; the exact role of the nucleotide binding domains; and how ATP binding and hydrolysis affect the loading and release processes. In addition to the biochemical studies and the highly valuable information offered by the crystallized structures of the Smc head domains^[@CR5],\ [@CR7]^, it is essential to investigate the dynamic properties at the atomic scale in order to study key aspects of cohesin behaviour as well as to analyse and predict the effect of mutations.

In addition, recent studies^[@CR18],\ [@CR39],\ [@CR40]^ indicate that over-expression of the Smc1A protein can play an important oncogenic role in prostate cancer and colorectal cancer. This suggests that this protein is a promising target for anti-tumour drugs. Detailed study, at the structural and quantitative level, of the transition states as rate-limiting steps in the processes of ATP hydrolysis and the opening of Smc heads is of crucial importance for future rational drug design^[@CR41]--[@CR43]^.

To assess the dynamics of ATP hydrolysis in the cohesin ATPase head heterodimer and its possible effects on the stability of the dimer, we have generated an atomistic model of the ATPase head domains of the human cohesin proteins Smc1A and Smc3 (Smc1A-head and Smc3-head, respectively) bound to the C-terminal domain of human Rad21 (Rad21-Cter) (Fig. [1a](#Fig1){ref-type="fig"}). The active site closest to the interface between Smc1A-head and Rad21-Cter, formed by Walker A and Walker B motifs of Smc1A, was labelled as active site 1 (AS1); while the more distant site, formed by Walker A and Walker B motifs of Smc3, was labelled as active site 2 (AS2) (Fig. [1b](#Fig1){ref-type="fig"}).Figure 1Model overview and description of the QM region. (**a**) Overview of the structural model of the complex formed by the human Smc1A-head (brown), Smc3-head (grey) and Rad21-Cter (green) domains. The dashed lines indicate the direction along which the un-modelled coiled coils would extend towards the hinge domain. (**b**) Location of active site 1 (AS1) and active site 2 (AS2). The Smc1A-head (brown) and Rad21-Cter (green) domains are shown, while the Smc3-head domain is not represented to reveal the location of the active sites. The location of the Smc1A-N34 and Smc1A-G35 residues is indicated. (**c**) QM region of AS1. The atoms in the QM region of the QM/MM MD simulations of AS1 are represented by coloured ball and sticks. The MM regions of the ATP (white ball and sticks) and protein backbone (transparent grey ribbons) are shown. The positions of the catalytic water (wat), residues Smc1A-N34, Smc1A-G35, Smc1A-K38, Smc1A-E1157 and Smc3-S1116, magnesium ion (Mg^++^) and ATP molecule are indicated. Reaction coordinates 1 (RC1) and 2 (RC2) are indicated by purple arrows.

This model mimics the behaviour of the cohesin head, thereby allowing us to investigate and generate functional hypotheses based on detailed analysis of the movement of all the atoms in the head domain; information that cannot be assessed by biochemical assays. In addition, the system enables us to evaluate the role of mutations associated with CdLS and cancer in the functionality of the protein complex.

Results {#Sec2}
=======

Rad21 binding induces a rearrangement at active site 1 that allows ATP hydrolysis {#Sec3}
---------------------------------------------------------------------------------

It has been reported that the dimerized head domains of Smc1A and Smc3 hydrolyse ATP in the absence of Rad21 with a nearly undetectable efficiency, but that when they are bound to Rad21-Cter the hydrolysis activity is enhanced^[@CR27],\ [@CR35],\ [@CR36]^. Using our computational approach, we investigate the hydrolysis reaction at the atomic scale, including the identification of the rate-limiting steps. This analysis provides the explanation for this effect as well as a general model of the movements of all the residues in the complex before and during the ATPase reaction.

In order to evaluate whether the binding of Rad21-Cter directly induces a rearrangement at AS1 that favours ATP hydrolysis, we performed simulations using molecular dynamics and, for the study of the chemical events, our recently developed method for quantum mechanics/molecular mechanics - molecular dynamics (QM/MM MD): Fireball/Amber^[@CR44],\ [@CR45]^. This fast and accurate method, combining techniques developed in the areas of computational biology (Amber^[@CR46]^) and condensed matter physics (Fireball^[@CR47],\ [@CR48]^), permits the generation of 2D free-energy maps of enzymatic reactions without *a priori* determination of the reaction paths. In the present case, we simulated ATP hydrolysis at AS1 through the generation of two equivalent systems of the Smc1A-head/Smc3-head dimer, in the presence and absence of Rad21-Cter. Both systems were stabilized with 40 ns of free molecular dynamics (MD) simulations performed with the Amber14 MD package^[@CR46]^ prior to 150 ps of QM/MM MD stabilization performed using Fireball/Amber. The QM region (Fig. [1c](#Fig1){ref-type="fig"}) was formed of the tri-phosphate moiety of the ATP, the magnesium ion, water molecules and side chains present in the coordination sphere of magnesium, the catalytic water molecule and the side chains of Smc1A-N34, Smc1A-G35, Smc1A-K38, Smc1A-E1157 and Smc3-S1116. The MM region comprised the rest of the atoms present in the protein complex and the solvent.

The two free-energy (ΔG°) surfaces were then sampled with Fireball/Amber along two reaction coordinates: reaction coordinate 1 (RC1, the bond to be formed) was the distance between the oxygen atom of the catalytic water and the phosphorous atom of the γ-phosphate group of the ATP molecule while reaction coordinate 2 (RC2, the bond to be broken) was the distance between the γ-phosphate group of the ATP molecule and oxygen atom 3 of the beta phosphate group of ATP (purple arrows in Fig. [1c](#Fig1){ref-type="fig"}). The free-energy maps resulting from this sampling (7.6 × 10^6^ conformations and their corresponding total-energies for each map) are depicted in Fig. [2a](#Fig2){ref-type="fig"}. In each case, the minimum energy pathway along the calculated free-energy surfaces (cyan and red lines on the maps in Fig. [2a](#Fig2){ref-type="fig"}) was calculated using the MEPSA algorithm^[@CR49]^, by extracting the minimum free-energy path of the reaction from the substrate S (the initial ATP molecule) to the product P (final ADP molecule plus inorganic phosphate group), as represented in Fig. [2b](#Fig2){ref-type="fig"}. A detailed explanation of the key reaction steps as well as a video sequence of the whole reaction at AS1 can be found in the Supplementary Information (Supplementary Fig. [1](#MOESM1){ref-type="media"} and Supplementary Video [1](#MOESM2){ref-type="media"}).Figure 2Rad21-Cter allows ATP hydrolysis at AS1. (**a**) Free-energy surfaces (in kcal mol^−1^) for ATP hydrolysis at AS1 in the presence (left) and absence (right) of Rad21-Cter generated via QM/MM MD simulations. The plot axes represent the reaction coordinates. RC1 (bond to be formed): the distance (in Å) between the oxygen atom of the catalytic water and the phosphorous atom of the ATP molecule γ-phosphate group (distance wat-O - ATP-PG). RC2 (bond to be broken): the distance (in Å) between the phosphorous atom of the ATP molecule γ-phosphate group and the oxygen atom 3 of the ATP β-phosphate group (distance ATP-PG - ATP-O3B). Free-energy data are represented via a colour scale, from lower (blue) to higher (red) values. MEPSA minimum energy paths are shown in cyan (presence of Rad21-Cter) and red (absence of Rad21-Cter). (**b**) Free-energy profiles of the MEPSA minimum-energy paths. The substrate (S), transition state (TS) and product (P) locations are indicated. (**c**) The reference structures of S, TS and P states in the presence of Rad21-Cter are shown. The positions of the catalytic water (wat), residues Smc1A-N34 and Smc1A-E1157, magnesium ion (Mg^++^), ATP γ-phosphate (ATP-PG), ADP and leaving inorganic phosphate (Pi) are indicated.

Briefly, the progression of the ATPase reaction at AS1 in the presence of Rad21-Cter (cyan line in Fig. [2a and b](#Fig2){ref-type="fig"}) indicates that the residue Smc1A-N34 plays a crucial role in the entrance of the catalytic water molecule into the active site and its stabilization (Fig. [2c](#Fig2){ref-type="fig"}, left), via its coordinated role with the catalytic residue Smc1A-E1157. Smc1A-N34 is maintained in its position by the interaction between Rad21-K605 and Smc1A-G35. The planar structure of the γ-phosphate in the transition state of the reaction (Fig. [2c](#Fig2){ref-type="fig"}, centre) is mainly stabilized by Smc1A-K38 and Smc1A-G35 (the latter is also maintained in position by its interaction with Rad21-K605). When the same simulation was run in the absence of Rad21-Cter (red line in Fig. [2a and b](#Fig2){ref-type="fig"}), clear differences were observed in the free-energy pathway, which showed higher values during the process of catalytic water accommodation as well as in the transition state (first and second peaks in Fig. [2b](#Fig2){ref-type="fig"}). A description of some reaction features at AS1 in presence and absence of Rad21-Cter can be found in the Supplementary Information (Supplementary Figs [2](#MOESM1){ref-type="media"}, [3](#MOESM1){ref-type="media"} and [4](#MOESM1){ref-type="media"}). The total difference in the free-energy barrier between the two analysed situations was 14.0 kcal mol^−1^ (ΔG° values of 28.1 kcal mol^−1^ and 14.1 kcal mol^−1^ in the absence or presence of Rad21-Cter respectively). In contrast, the ΔG° values of the structures at the beginning (S) and the end (P) of the reaction were almost equivalent in the two situations. This indicates that, regarding ATP hydrolysis at AS1, the main effect of being bound to Rad21-Cter is the reduction of the free-energy barrier. This is in agreement with the experimentally observed fact that the presence of Rad21-Cter allows ATP hydrolysis^[@CR27],\ [@CR35],\ [@CR36]^, lowering the barrier to a calculated ΔG° value close to the range of the experimental free-energy barrier measured for other ATPases, as the F~1~-ATPase (12.9--13.4 kcal mol^−1^)^[@CR50]^.

All these results indicate that the binding of Rad21-Cter to the Smc1A-head/Smc3-head dimer induces a rearrangement at AS1 that both facilitates the entrance of the catalytic water molecule into the active site and reduces the energy barrier associated with the transition state.

ATP hydrolysis at active site 1 induces the activation of site 2 {#Sec4}
----------------------------------------------------------------

Once the ATPase reaction at AS1 was complete, and the site was occupied by the resulting ADP molecule, our next step was to study the effect of this substitution on the structure of the Smc1A-head/Smc3-head/Rad21-Cter complex.

To perform the analysis, the system was subjected to 150 ns of free MD simulation in the presence of an ADP molecule at AS1, while at the same time maintaining an ATP molecule at AS2 (condition AS1-ADP/AS2-ATP). As a control, the same system, but containing ATP at both sites (condition AS1-ATP/AS2-ATP), was subjected to an equivalent simulation. Throughout both trajectories, the movements of residues around the two active centres were monitored for any conformational change that could affect the activity of AS2. Notably, after 120 ns of free MD simulation in the AS1-ADP/AS2-ATP condition, the side chain of an apparently non-related residue, Smc1A-K1120, moved close to the AS2 catalytic water molecule and remained in its new location in a stable conformation (Fig. [3a](#Fig3){ref-type="fig"} and Supplementary Video [2](#MOESM3){ref-type="media"}). In this condition, the distance between the apical nitrogen atom of the side chain of Smc1A-K1120 and the oxygen atom of the AS2 catalytic water was stabilized at a value of 2.5 Å, in contrast to the value of around 7.9 Å in the AS1-ATP/AS2-ATP condition (Fig. [3b](#Fig3){ref-type="fig"}). In the AS1-ADP/AS2-ATP condition, the interaction between Smc1A-K1120 and the catalytic water molecule was found to be stabilized by the formation of a hydrogen bond.Figure 3ATP hydrolysis at AS1 activates hydrolysis at AS2. (**a**) Evolution of the distance between the oxygen atom of the catalytic water in AS2 and the ε-amino group of the Smc1A-K1120 residue (distance K1120-NZ - wat-O) prior (red) and after (cyan) ATP hydrolysis at AS1. (**b**) AS2 activation and QM region description. The atoms in the QM region of the QM/MM MD simulations of AS2 are represented by coloured ball and sticks. Part of the MM region of the ATP is shown (white ball and sticks). The positions of the catalytic water (wat), Smc3-K38, Smc3-E1144 and Smc1A-K1120 residues, and the ATP molecule are indicated for both inactive (AS1-ATP/AS2-ATP, red line) and active (AS1-ADP/AS2-ATP, cyan line) AS2 configurations. The distance between the catalytic water and ε-amino group of the Smc1A-K1120 residue is indicated by a black arrow. The reaction coordinate (RC) is indicated by a purple arrow. (**c**) Free-energy (kcal mol^−1^) profiles generated via QM/MM MD simulations of AS2 in both inactive (AS1-ATP/AS2-ATP, red line) and active (AS1-ADP/AS2-ATP, cyan line) configurations. The X-axis represents the reaction coordinate RC (bond to be formed): the distance (in Å) between the oxygen atom of the catalytic water and the phosphorous atom of the ATP molecule γ-phosphate group (distance ATP-PG - wat-O). The substrate (S), transition state (TS) and product (P).

The presence of Smc1A-K1120 in this new position is predicted to dramatically affect the distribution of charges at AS2. To evaluate the extent of this effect, we analysed the ATPase reaction at AS2 in both conditions (AS1-ADP/AS2-ATP and the control AS1-ATP/AS2-ATP) in detail using Fireball/Amber. The initial structures used for both QM/MM MD simulations were the final structures of the 150 ns long free MD simulations shown in Fig. [3a](#Fig3){ref-type="fig"}. The QM region (Fig. [3b](#Fig3){ref-type="fig"}) was formed of the tri-phosphate moiety of the ATP, the magnesium ion, water molecules and side chains present in the coordination sphere of magnesium, the catalytic water molecule and the side chains of Smc3-K38, Smc3-E1144 and Smc1A-K1120; with the MM region comprising the other atoms in the complex and solvent.

As the entrance of a lysine side chain in close proximity to the catalytic water at AS2 was expected to have a substantial effect on the ATPase activity, the free-energy profiles were initially sampled along a single reaction coordinate, instead of two. The reaction coordinate selected (RC, purple arrow in Fig. [3b](#Fig3){ref-type="fig"}) was that corresponding to the bond to be formed: the distance between the oxygen atom of the catalytic water and the phosphorous atom of the γ-phosphate group of the ATP molecule. As expected, 1D free-energy sampling was sensitive enough to detect a remarkable difference between the two conditions. The resulting free-energy profiles for each reaction are depicted in Fig. [3c](#Fig3){ref-type="fig"}. A detailed explanation of the key reaction steps as well as a video sequence of the whole reaction at AS2 can be found in the Supplementary Information (Supplementary Figs [3](#MOESM1){ref-type="media"} and [5](#MOESM1){ref-type="media"} and Supplementary Video [3](#MOESM4){ref-type="media"}). This QM/MM MD analysis of the reaction revealed the presence of an intermediate transition state during the positioning of the catalytic water molecule, as well as a main transition state corresponding to the planar configuration of the γ-phosphate of the ATP.

Comparison of the 1D free-energy profiles of ATP hydrolysis at AS2 under both conditions showed a reduction of 38.0 kcal mol^−1^ in the energy barrier in the AS1-ADP/AS2-ATP condition compared to the control, with a final value for the reaction barrier of 14.2 kcal mol^−1^ (Fig. [3c](#Fig3){ref-type="fig"}). This result reveals that the change in location of Smc1A-K1120, as a result of the presence of ADP at AS1, strongly stimulates the ATPase activity at AS2. In short, our results show that ATP hydrolysis at AS1 induces ATPase activity at AS2 and explain the atomic mechanism for this effect.

ATP hydrolysis facilitates separation of the ATPase heads {#Sec5}
---------------------------------------------------------

Once both active sites are occupied by ADP molecules, the last step in the analysis must necessarily explore the behaviour of the head dimer in this arrangement. From a biochemical point of view, the need for ATP binding and hydrolysis for both DNA loading^[@CR27]--[@CR30]^ and unloading^[@CR31]--[@CR33]^ has been described. Also, separation of the ATPase head domain heterodimer, which allows DNA to pass through, is assumed in current models of cohesin function^[@CR2],\ [@CR27],\ [@CR29]--[@CR33],\ [@CR36],\ [@CR51]^. However, the underlying details of this mechanism have yet to be reported in order to allow quantification of the contribution of the ATP molecules to the maintenance of the closed conformation of the ring.

To gain insight into this matter, two equivalent structures of the head complex were generated, one containing ATP at both active sites (AS1-ATP/AS2-ATP condition: the system in a conformation prior to the ATP hydrolysis), and the other containing ADP in both active sites (AS1-ADP/AS2-ADP condition: the system after the hydrolysis events). Both structures were stabilized over 150 ns of free MD simulation. For each condition, 5 individual structures were extracted from the free MD trajectories: one every 4 ns from 104 ns to 120 ns. Using those structures, the separation of the heterodimer head domains was analysed via steered MD (SMD) simulations (Fig. [4a](#Fig4){ref-type="fig"} and Supplementary Fig. [6](#MOESM1){ref-type="media"}), forcing their centres of mass to separate from each other 32.5 Å over 13.0 ns. The values measured for the accumulated work over the 10 SMD trajectories (5 for each condition) were used to estimate the free-energy difference associated with the opening of the head in both conditions, using Jarzynski's equality^[@CR52]^. Jarzynski's equality allows us to estimate the free-energy difference between two quasi-equilibrium states (in our case, closed and open Smc1A-head/Smc3-head/Rad21-Cter complexes) by collecting the work done over non-equilibrium transitions between those states (in our case, the SMD trajectories).Figure 4ATP hydrolysis at AS1 and AS2 facilitates head separation. (**a**) Schematic overview of the head separation induced by SMD simulations. The Smc1A-head (brown), Smc3-head (grey) and Rad21-Cter (green) domains are shown and the nucleotide (ATP or ADP) locations in both active sites are indicated. Force (F) direction is marked by white arrows. (**b**) Forces exerted in SMD trajectories over the separation between the centres of mass of Smc1A-head and Smc3-head domains. Points from all trajectories for the AS1-ATP/AS2-ATP condition (red) and for AS1-ADP/AS2-ADP condition (cyan) are shown. (**c**) Estimated free-energy difference (kcal mol^−1^) over the separation between the centres of mass of the Smc1A-head and Smc3-head domains computed using Jarzynski's equality over 5 SMD trajectories for each condition.

Force values measured along the head separation in the AS1-ATP/AS2-ATP condition (Fig. [4b](#Fig4){ref-type="fig"}, red lines) showed a peak after the first 5 ns (around 3.5 Å of separation between the centres of mass) in all the trajectories. This peak is significantly larger than that observed in the AS1-ADP/AS2-ADP condition (Fig. [4b](#Fig4){ref-type="fig"}, cyan lines). In the calculation of the free energy, this force peak represents the largest contribution to the difference between the two conditions: ΔG^0^ = 24.8 kcal mol^−1^. It should be noted that this estimated value is approximately 81% of the average ΔG^0^ associated with the hydrolysis of two molecules of ATP in human resting muscle conditions: ΔG^0^ = 30.6 kcal mol^−1^  ^[@CR53]^, which suggests that this system is highly efficient from an energetic point of view and supports the idea that ATP hydrolysis at both active sites allows head separation.

Pathogenic variants and mutants with an associated phenotypic effect {#Sec6}
--------------------------------------------------------------------

Our dynamic system at atomic scale of the Smc1A-head and Smc3-head domains provides an advantageous framework for the investigation of pathologies and phenotypic variations associated with specific mutations of residues located in these domains. Table [1](#Tab1){ref-type="table"} and Figs [5](#Fig5){ref-type="fig"} and [6c](#Fig6){ref-type="fig"} summarize this information for some human pathogenic variants as well as for residues whose phenotypic behaviour has been reported in the literature.Table 1Human pathogenic variants.ProteinMutationDiseaseLocationReferencesSmc1AN34SEndometroid carcinomaActive site 1[@CR54]Smc1AR57WEndometroid carcinomaActive site 1[@CR54]Smc1AV58_R62delCornelia de Lange SyndromePutative binding to DNA[@CR9], [@CR55], [@CR58], [@CR59]Smc1AR1090CMelanomaActive site 2 (activation)[@CR20], [@CR54]Smc1AF1122LCornelia de Lange SyndromeActive site 2 (activation)[@CR9], [@CR59], [@CR74]Smc1AR1123WCornelia de Lange SyndromeActive site 2 (activation)[@CR59], [@CR63]Smc1AN1166TCornelia de Lange SyndromeActive site 2[@CR55]Smc3H55YColorectal cancerPutative binding to DNA[@CR22], [@CR54]Smc3G1118VAcute myeloid leukaemiaActive site 1[@CR21], [@CR54]Smc3Q1119KAcute myeloid leukaemiaActive site 1[@CR21], [@CR54]Smc3D1143HAcute myeloid leukaemiaActive site 2[@CR21], [@CR54]Smc3Q1147ECornelia de Lange Syndrome (CS: moderate\*)Active site 2 (activation)[@CR12], [@CR56]Smc3A1148TColorectal cancerActive site 2[@CR54], [@CR57]\*The patient Smc3-Q1147E showed craniofacial dysmorphism with brachycephaly, arched eyebrows, a depressed nasal bridge and severe ptosis. Additionally, he had heart abnormalities with atrial and septal defects as well as developmental delays and a learning disability^[@CR12]^. Clinical severity (CS) has been annotated according to Kline *et al*.^[@CR58]^. Figure 5Pathogenic variants. (**a**) Location of the Cα atoms of residues of interest in the neighbourhood of AS1 and AS2. Disease-related variants are shown in green (those affecting AS1), purple (those affecting AS2 activation via Smc1A-K1120 rearrangement) and yellow (those affecting AS2 directly). Residues equivalent to those affected by mutations that bypass the need for Eco1 in yeast are shown in pink. The Smc1A-K1120 residue and both ATP molecules are shown. (**b**) Location of the variants affecting AS1. Residues are depicted in green. (**c**) Evolution of the distance between the oxygen atom of the catalytic water in AS2 and the ε-amino group of the Smc1A-K1120 residue (distance K1120-NZ - wat-O). Distances obtained with wild-type Smc3 prior (red) and after (cyan) ATP hydrolysis at AS1, and distances obtained with the Smc3-N1147E mutant after ATP hydrolysis at AS1 (blue) are shown. (**d**) Location of the variants directly affecting AS2. Residues are depicted in yellow. (**e**) Location of the variants affecting AS2 activation via K1120 rearrangement. Residues are depicted in magenta. The location of K1120 is indicated. (**f**) Location of the residues equivalent to those affected by mutations that bypass the need for Eco1 in yeast. Residues are depicted in pink. The location of K1120 is indicated. Figure 6Graphical illustration of a putative interaction of DNA and the head domains of Smc1A and Smc3. (**a**) Relative positions of the Smc1A-head, Smc3-head and Rad21-Cter domains at 0 ns (top) and after 40 ns (bottom) of free MD. (**b**) rmsd values measured over the unrestricted 120 ns MD trajectory of the complex illustrated in **a**. (**c**) Position of positively charged residues in the upper surface of the head complex after 40 ns of MD. The putative position of a DNA molecule, in the equivalent position as the one co-crystallized with Rad50 head domain (PDB code: 5DNY), is indicated.

The residues affecting ATPase activity at AS1 and AS2 can be grouped into four clusters. The first is composed of the residues Smc1A-N34, Smc1A-R57, Smc3-G1118 and Smc3-Q1119 (depicted in green in Fig. [5a and b](#Fig5){ref-type="fig"}). The mutations N34S and R57W in human Smc1A have been related to endometrioid carcinoma^[@CR54]^, with the role of both residues being related to the correct positioning of ATP at AS1. Smc1A-N34 stabilizes the position of the catalytic water during the initial steps of the ATPase reaction (Figs [1c](#Fig1){ref-type="fig"} and [2c](#Fig2){ref-type="fig"}) and the position of the planar structure of the γ-phosphate during the transition state (Fig. [2c](#Fig2){ref-type="fig"}). Smc1A-R57 enters into contact with the α-phosphate group of ATP, thereby stabilizing its position during the entire reaction. Smc3-G1118 and Smc3-Q1119 are located in close contact to Smc1A-R57, allowing for its correct positioning. The mutation of the indicated residues above (depicted in green in Fig. [5a and b](#Fig5){ref-type="fig"}) will alter the positioning of ATP at AS1 as well as the progress of the ATPase reaction at this site and subsequent activation of AS2 and head opening.

The second group of residues is composed of the amino acids Smc1A-N1166, Smc3-D1143, Smc3-Q1147 and Smc3-A1148 (depicted in yellow in Fig. [5a and d](#Fig5){ref-type="fig"}). The variant residues Smc1A-N1166T and Smc3-Q1147E have been found in patients with CdLS^[@CR12],\ [@CR55],\ [@CR56]^ whereas mutated amino acids Smc3-D1143H and Smc3-A1148T have been related to acute myeloid leukaemia^[@CR21],\ [@CR54]^ and colorectal cancer^[@CR54],\ [@CR57]^, respectively. The mutant Smc3-Q1147E was previously reported to potentially be involved in maintaining the dimerization contact between the Smc1A-head and Smc3-head domains^[@CR12]^. Interestingly, in the dynamic model, Smc3-Q1147 was found to be involved in correctly locating residues around Smc1A-K1120. To establish whether the mutated Smc3-Q1147E residue can play a differential role in activation of the AS2 site, the same experiment as the previous one illustrated in Fig. [3a](#Fig3){ref-type="fig"} was performed but replacing Smc3-Q1147 by Glu. The result (Fig. [5c](#Fig5){ref-type="fig"}) indicated that, during the 150 ns trajectory in the presence of the mutant residue, the distance of Smc1A-K1120 from the catalytic water of AS2 was intermediate between the non-active and the active structures; it was only compatible with an active arrangement for 0.03% of the total time, in contrast to 13.45% in the case of the wild-type Smc3-Q1147 residue. This therefore predicts greatly reduced (but not completely abrogated) ATPase activity at the AS2 site in the cohesin head of the patient. This finding is very exciting as, to the best of our knowledge, this is the first time that a mutated residue from a CdLS patient has been assigned a specific functional role in a dynamic context involving the cohesin complex.

The third group is composed of the Smc1A amino acids: R1090, F1122 and R1123 (depicted in magenta in Fig. [5a and e](#Fig5){ref-type="fig"}). The mutant Smc1A-R1090C has been associated with melanoma^[@CR20],\ [@CR54]^ and variant residues Smc1A-F1122L^[@CR9],\ [@CR58],\ [@CR59]^ and Smc1A-R1123W^[@CR59]^ have been found in CdLS patients. The most interesting fact regarding this group of residues is that their positions in the structure are closely related to the movement of Smc1A-K1120 during the activation of AS2. Drastic mutations such as Arg to Trp, in the case of Smc1A-R1123, or to Cys, in the case of Smc1A-R1090C, or more conservative changes such as Phe to Leu in the case of Smc1A-F1122L, can displace Smc1A-K1120 from its correct positioning at the AS2 site, leading to protein malfunction.

The fourth group of residues is composed of the orthologous positions in human sequences of residues that are mutated in yeast and can bypass the need for Eco1: Smc1A residues L1128, G1131 and D1163 (coloured pink in Fig. [5](#Fig5){ref-type="fig"}; equivalent to yeast Smc1 residues L1129, G1132 and D1164, respectively^[@CR31]^). The position of Smc1A-G1131 and Smc1A-D1163, close to AS2, is compatible with differences in functionality when the Gly residue is mutated to Ser or when the Asp residue is mutated to Glu or Gly^[@CR31]^. More interesting, however, is the case of Smc1A-L1128, as the mutation of the orthologous Smc1-L1129V in yeast affects the off-rate of cohesins but the equivalent mutation in yeast Smc3-L1126V does not. In our simulations, the Smc1A-L1128 residue stabilizes the hydrocarbon side chain of Smc1A-K1120, thereby allowing its correct location and thus leading the ATPase reaction at AS2. Due to the shorter side chain of Val compared to Leu, such hydrophobic stabilization cannot be maintained in the case of the mutant. In contrast, the equivalent residue Smc3-L1115, although located near AS1, does not play such a central role in the reaction, which explains why the conservative mutation of Leu to Val does not result in a differential phenotype. This asymmetric role of Smc1A-L1128 and Smc3-L1115 in our simulations is in agreement with the differential role of the two equivalent residues in yeast^[@CR31]^.

An additional group of residues of exceptional importance for cohesin function are those related to acetylation-regulated DNA binding. These residues are located both in coiled-coils^[@CR37]^ and in the inner side of the head domains of the Smc1A-Smc3 dimer^[@CR2],\ [@CR32],\ [@CR33],\ [@CR38]^. During the initial free MD equilibration of the head structure in our model, and possibly due to the lack of constriction forces exerted by the absent coiled coils in the simulation, the relative angle between the head domains grew wider after 40 ns of MD (Fig. [6a](#Fig6){ref-type="fig"}), resembling the open structure of the Rad50 head domain associated with DNA^[@CR60]--[@CR62]^. To ensure that such movement did not affect the internal structure of either domain, root mean square deviation (rmsd) values were measured during the unrestricted 120 ns MD trajectory of the complex (Fig. [6b](#Fig6){ref-type="fig"}). Despite the indicated movement of the head domains, the rmsd values of each domain remained constant (below 3.0 Å). During the relaxation, a number of positively charged residues spontaneously became located in the surface of the dimer (Fig. [6c](#Fig6){ref-type="fig"}): Smc1A residues K59, R62 and K149, and Smc3 residues H55, R61, K105, K106 and K157. In addition to the presence of Smc3-K105 and Smc3-K106, already involved in acetylation-regulated DNA binding^[@CR2],\ [@CR32],\ [@CR33],\ [@CR38]^, the presence of three additional amino acids in this group is noteworthy: Smc1A-K59 and Smc1A-R62, deletion of which has been related to CdLS^[@CR55],\ [@CR59],\ [@CR63]^ and Smc3-H55, mutation of which to Tyr has been associated with colorectal cancer^[@CR22],\ [@CR54]^.

Notably, all these positive residues are positioned in a spatial arrangement that is fully compatible with the putative location of a negatively-charged DNA molecule in the surface (Fig. [6c](#Fig6){ref-type="fig"}), equivalent to that observed in the case of Rad50^[@CR60]--[@CR62]^. This suggests that the initial structure of the dynamic model may mimic the initial position in which not only is the C-ter domain of Rad21 bound to the head domain of Smc1A, but also the positive residues in the head surface of Smc1A and Smc3 are in a position equivalent to the DNA-bound structure; that is, the starting event in the ATPase-dependent opening of cohesin head.

Discussion {#Sec7}
==========

Despite the demonstrated relevance of cohesin and cohesin-related proteins to the modulation of important cell functions, the detailed molecular mechanisms underlying the behaviour of the different domains of cohesin proteins has only just begun to be described. In this work, we have analysed the dynamic properties of the human cohesin head domains (Smc1A-head, Smc3-head and Rad21-Cter) at the atomic level using a variety of simulation techniques (free MD, SMD and QM/MM MD). This analysis allows us to infer the role of these domains during ATP hydrolysis events and at the same time to determine how these events affect the atom distribution and function of the protein domains, in a series of events leading to head separation and the subsequent passing of DNA through the open structure (as summarized in Fig. [7](#Fig7){ref-type="fig"}).Figure 7Schematic model for ATP hydrolysis-driven head opening. (**a**) The Rad21-Cter domain binding to the Smc1A-head domain allows hydrolysis at AS1. (**b**) ATP hydrolysis at AS1 induces AS2 activation via Smc1A-K1120 rearrangement. (**c**) ATP hydrolysis takes place at AS2. (**d**) ATP hydrolysis at both active sites facilitates the separation of the ATPase head domains.

The first step in the simulation was to describe the role of Rad21 in the hydrolysis of ATP (Fig. [7a](#Fig7){ref-type="fig"}). The X-ray structure of the yeast Smc1 head domain bound to the C-terminal domain of Scc1 (the yeast homolog of human Rad21)^[@CR5]^ offered very detailed information relating to this contact, as the surface between the two domains is located in the neighbourhood of AS1. In our system, the simulated protein complex underwent spontaneous rearrangement resulting in the exposure of a group of positive residues in the inner surface of the Smc1A-head/Smc3-head dimer (Fig. [6c](#Fig6){ref-type="fig"}). This group includes two Lys residues proposed as involved in acetylation-regulated DNA binding^[@CR2],\ [@CR32],\ [@CR33],\ [@CR38]^, as well as other positive residues mutation of which has been related to CdLS^[@CR55],\ [@CR59],\ [@CR63]^ and cancer^[@CR22],\ [@CR54]^. In short, the starting point of our simulation corresponds to the head structure bound to Rad21-Cter, in a position compatible with the DNA-bound condition. Our QM/MM MD free-energy analysis for ATP hydrolysis at AS1 provides a quantitative description of the functional role of the Rad21-Cter domain in the cohesin head. The binding of Rad21-Cter allows progression of the ATPase reaction at AS1 by reducing the free-energy barrier by 14.0 kcal mol^−1^. In our study of this reaction we have also determined the geometry of the residues in the active site during critical events, such as the location of the catalytic water in a first intermediate transition state or stabilization of the ATP gamma phosphate group in the planar transition state (see Supplementary Fig. [1](#MOESM1){ref-type="media"} and Supplementary Video [1](#MOESM2){ref-type="media"} for more details).

Once the ATP hydrolysis reaction has taken place at AS1, an intriguing question is whether hydrolysis at one active site can stimulate the ATPase reaction at the other, a common mechanism of ATP-binding cassette-ATPases (ABC ATPases^[@CR64]^). Our analysis reveals a sequential structural change, after the hydrolysis event at AS1, that connects the two sites (Fig. [7b](#Fig7){ref-type="fig"}), in agreement with the fact that the two ATPase sites are asymmetric^[@CR31],\ [@CR51],\ [@CR65]^. Although the primary "driving force" leading to the changes in AS2 is still elusive, it is notorious the fact that the variants implicated in CdLS and cancer are roughly located in the pathway that connects AS1 to AS2 (Fig. [5a](#Fig5){ref-type="fig"}). We find Smc1A-K1120 to be a major actor in this process. Smc1A-K1120 is conserved in all Smc1A and Smc1B sequences, as well as in the majority of SMC proteins. Interestingly, an exception to this observation is the condensin subunit Smc2, where the Lys residue in this position is replaced by Thr or Ile in different organisms (Supplementary Fig. [7](#MOESM1){ref-type="media"}). In condensin, the Smc2 protein plays the equivalent role to Smc3 in cohesin^[@CR1],\ [@CR8]^. Supposing that the behaviour of AS1 and AS2 is similar in cohesin and condensin dimers, then a Lys residue in this position of Smc2 is not necessary for the ATPase activity. Asymmetrically, the Lys residue in the condensin Smc4 subunit (human Smc4-K1183, equivalent to Smc1A-K1120 in cohesin) is indeed conserved. Our QM/MM MD free-energy analysis of the ATPase reaction at AS2 shows that the new structure of the active centre after the movement of Smc1A-K1120 to a position close to the catalytic water results in a very important reduction of the free-energy barrier. As in the case of AS1, our QM/MM MD investigation also provides a detailed description of the hydrolisis reaction at AS2, including all the intermediate steps (see Supplementary Fig. [5](#MOESM1){ref-type="media"} and Supplementary Video [2](#MOESM3){ref-type="media"}), from the initial location of the catalytic water molecule to the stabilization of the transition state and the formation of the final product.

The analysis of protein features linked to the structure of the transition state is a key step in the design of transition state analogues as powerful enzymatic inhibitors^[@CR41]--[@CR43]^. In this study, using QM/MM MD techniques, we have obtained a detailed description of AS1 and AS2 during the main transition state as well as during intermediate transition states of the ATPase reactions. The geometry of the active centres of the cohesin head in these transient states is extremely valuable information for future drug development strategies.

After the ATP hydrolysis events at AS1 and AS2, we analysed the subsequent head separation (Fig. [7c](#Fig7){ref-type="fig"}), including its quantification in terms of free energy. The free-energy difference for the separation of the Smc1A-head and Smc3-head domains, calculated for the ATP/ATP or ADP/ADP conditions, confirms the key role of the two ATP molecules for the stability of the complex. The data suggest that this process is highly efficient from an energetic point of view and support the hypothesis that the hydrolysis of ATP is followed by the opening of the head. This is in agreement with recent observations of a modelled dimer of the yeast Smc1/Smc3 head^[@CR36]^ as well as recent structural studies of the homologous bacterial SMC dimer^[@CR66]^.

Finally, the dynamic model generated by mixing different (quantum and classical) simulation strategies at atomic scale is a useful framework within which to rationalize the effect of specific mutations involved in both CdLS and cancer; some for the very first time. In particular, the effect of the variant Smc3-Q1147E, found in a CdLS patient^[@CR12],\ [@CR55],\ [@CR56]^ has been analysed in detail, offering a functional explanation for the impaired behaviour of the protein and linking the change at this position to a defect in the activation of AS2 after activation of AS1. The highly reduced, but not completely inhibited, functionality of the complex could justify the clinical findings in this patient who was phenotypically classified as *moderate* according to Kline *et al*.^[@CR58]^.

Our study suggests a functional role in DNA binding of three positively charged residues (Smc1A-K59, Smc1A-R62 and Smc3-H55) mutations of which have been related to CdLS^[@CR9],\ [@CR55],\ [@CR58],\ [@CR59]^ or colorectal cancer^[@CR22],\ [@CR54]^. In addition, based on our computational approach, we propose a dynamic explanation for several mutants found in yeast that bypass the need for Eco1^[@CR31]^. Very interestingly, the close interaction of human Smc1A-L1128 with the key residue Smc1A-K1120 and the lack of a symmetrical interaction in the case of the equivalent residue Smc3-L1115 offer a plausible explanation for the asymmetrical effect found^[@CR31]^ between the phenotypes of the orthologous yeast mutants Smc1-L1129V and Smc3-L1126V, respectively.

Altogether, our results reveal the underlying atomic mechanisms of the human Smc1A-head/Smc3-head/Rad21-Cter complex, explaining in detail: (i) the functional role of Rad21-Cter in the activation of AS1; (ii) the modifications that link ATP hydrolysis at AS1 with activation of ATP hydrolysis at AS2; and (iii) the role of ATP hydrolysis in the separation of the heads, in a quantitative manner. This computational approach, mixing quantum and classical simulation techniques, has proved to be a very useful tool for the investigation of phenotypic variants in yeast experiments, to analyse and predict the effect of variants and mutants related to CdLS and cancer, and for use in the future design of therapies and drugs.

Methods {#Sec8}
=======

Structure modelling {#Sec9}
-------------------

The three-dimensional model of the complex formed by the human Smc1A-head, Smc3-head and Rad21-Cter domains was built through modelling procedures using the initial protein sequences contained in the UniProtKB database. They are the Smc1A-head: SMC1A_HUMAN (UniProt code: Q14683, residues 1 to 175 and 1058 to 1223); Smc3-head: SMC3_HUMAN (UniProt code: Q9UQE7, residues 1 to 179 and 1045 to 1206); and Rad21-Cter: RAD21_HUMAN (UniProt code: O60216, residues 543 to 629). Three scaffold structures were combined to accurately reproduce various structural features. Rad21-Cter, the active sites (AS1 and AS2) and the interaction interfaces were modelled on the structure of a *Saccharomyces cerevisiae* homodimeric Smc1 ATPase head complex bound to the C-terminal domain of the yeast Scc1(Rad21 orthologue) (Protein Data Bank ID: 1W1W^[@CR5]^). The structure of Smc3-head was determined by the 3D structure of the *Saccharomyces cerevisiae* Smc3 monomer bound to the Scc1 N-terminal domain (PDB ID: 4UX3^[@CR7]^). The model of the complex is compatible with recent structures of human cohesin head, obtained by using high-resolution electron microscopy^[@CR67]^, and bacterial SMC head, obtained by crystallography^[@CR66]^. Multiple sequence alignment of the modelled sequences can be found in the Supplementary Information (Supplementary Fig. [8](#MOESM1){ref-type="media"}). The positions of residues around the active sites as well as those of crystallographic water molecules were also refined using the 3D structure of the *Pyrococcus furiosus* Smc homodimer (PDB ID: 1XEX^[@CR34]^). The ATPγS molecules present at 1 W1W active sites were replaced by either ATP or ADP. The model of human variant Smc3-Q1147E was obtained by replacing the apical amide group in the Smc3-Q1147 residue by a carboxylate group.

Free Molecular Dynamics simulations {#Sec10}
-----------------------------------

Prior to any other simulations, the complex was thermalized and stabilized with free MD simulations using the AMBER14 molecular dynamics package^[@CR46]^. The 3D structures were solvated with periodic cuboid pre-equilibrated solvent boxes of TIP3P model water molecules^[@CR68]^ using the LEaP module of AMBER, with 12 Å as the shortest distance between any atom in the protein and the periodic box boundaries. Protonation states were determined using the H++ web server (<http://biophysics.cs.vt.edu/H>++)^[@CR69]^ and Na^+^ counterions were added to neutralize the charge of the systems (Smc1A-head/Smc3-head/AS1-ATP/AS2-ATP: 5 Na^+^ counterions; Smc1A-head/Smc3-head/Rad21-Cter/AS1-ATP/AS2-ATP: 3 Na^+^ counterions; Smc1A-head/Smc3-head/Rad21-Cter/AS1-ADP/AS2-ATP: 2 Na^+^ counterions; Smc1A-head/Smc3-head/Rad21-Cter/AS1-ADP/AS2-ADP: 1 Na^+^ counterion). All the free MD simulations were performed in the NPT (constant temperature, constant pressure) ensemble, using the PMEMD program of AMBER and the parm99 force field^[@CR46]^. The SHAKE algorithm was used, allowing a time step of 2 fs.

The different systems used in the simulations were initially relaxed over 15,000 steps of energy minimization with a cut-off of 12 Å. Then the MD simulations were started with a 20 ps heating phase in which the temperature was raised from 0 to 300 K in 10 temperature change steps, after each of which velocities were reassigned. During minimization and heating, the Cα trace dihedrals were restrained with a force constant of 500 kcal mol^−1^ rad^−2^ and gradually released in an equilibration phase in which the force constant was gradually reduced to 0 over 200 ps. After the equilibration phase, 120 to 150 ns of productive MD simulations were obtained for all the systems.

As the Smc1A-head and Smc3-head domains are formed by the N-terminal and C-terminal segments of the two proteins, all the structures showed gaps where the large coiled-coil regions cannot be accurately modelled. Therefore, these gaps were protected by distance restraints to prevent artificial unfolding of these regions.

During long MD trajectories, and in order to improve the sampling of catalytic configurations at both active sites, the position of the catalytic water molecules was maintained in a geometry compatible with hydrolysis, restraining the distance between the oxygen atom of the catalytic water and the phosphorous atom of the ATP γ-phosphate group below 3.5 Å. The angle between these same two atoms and the oxygen atom of the ATP beta phosphate group was kept between 160° and 180°. Both distance and angle restraints were defined using a flat-bottomed potential, allowing free movement within the restrained range. These restraints were released prior to QM/MM MD simulations of the active centres.

QM/MM MD simulations {#Sec11}
--------------------

QM/MM MD simulations were performed using the recently developed Fireball/Amber method^[@CR44],\ [@CR45]^: a combination of the AMBER molecular dynamics package^[@CR46]^ and Fireball, a local-orbital density-functional theory molecular dynamics technique^[@CR47],\ [@CR48]^. Two regions (QM and MM) were defined. The MM region was treated in the same manner as in the free MD simulations detailed previously; while the QM region was described using Fireball, with a basis set of optimized numerical atomic-like orbitals (NAOs) with a single *s* orbital for H, *sp3* orbitals for C, N and O, and *sp3d5* orbitals for P, as used in previous works^[@CR44],\ [@CR70]^. The time step during these calculations was 0.5 fs. The initial structures and initial velocities used in the QM/MM MD simulations were taken from the free MD simulations after they became stable.

Free-energy 2D maps obtained using QM/MM MD simulations were generated as described in the literature^[@CR44],\ [@CR70],\ [@CR71]^. The conformational space was sampled with long SMD trajectories along the chosen reaction coordinates, generating 7.6 × 10^6^ structures with their associated reaction coordinates and energy values. The QM energy values were distributed in groups of \~1.5 × 10^4^ different structures on average, across a uniform grid defined by the two reaction coordinates. The partition function was calculated for each group in order to estimate a free-energy surface that was then smoothed via a 3D LOESS local regression. Reaction paths and energy profiles were calculated using MEPSA^[@CR49]^.

1D free-energy profiles were generated by sampling initial structures along the reaction coordinate via SMD. These structures were then relaxed for 5 ps by keeping the reaction coordinate fixed at the corresponding value. Velocities were reassigned every 0.5 ps. The last 0.5 ps of each relaxation was used to estimate the free-energy profile, yielding 7.7 × 10^4^ structures in total, with their associated reaction coordinates and energy values. The QM energy values were distributed in groups of \~10^3^ different structures on average, along uniform 1D grid defined by the reaction coordinate. The partition function was calculated for each group in order to estimate a free-energy profile that was then smoothed via 2D LOESS local regression.

Error analysis was performed for 2D maps and 1D profiles using bootstrap resampling (100 replicates) on the data. In all relevant positions, the standard deviation was found below 0.8 kcal mol^−1^ for 2D maps and below 0.5 kcal mol^−1^ for 1D profiles. Standard deviation representation for 2D free-energy surface of ATP hydrolysis at AS1 in the presence of Rad21-Cter and for 1D free-energy profile of ATP hydrolysis at AS2 in the AS1-ADP/AS2-ATP condition can be found in the Supplementary Information (Supplementary Fig. [9](#MOESM1){ref-type="media"}).

Free-energy difference calculations from trajectories of head domain separation {#Sec12}
-------------------------------------------------------------------------------

In order to compare the separation of Smc1A-head from Smc3-head, either ATP binding (AS1-ATP/AS2-ATP condition) or ADP binding (AS1-ADP/AS2-ADP condition) free-energy calculations from SMD trajectories were performed using Jarzynski's equality^[@CR52]^. Five individual SMD trajectories were generated for each condition, taking the ten initial structures from stable free MD trajectories. To prevent protein-protein collisions through the periodic boundaries, these were expanded and the water box was consequently enlarged with pre-equilibrated solvent cuboid boxes of TIP3P water model molecules. To ensure good thermalization of the system after the modification of the water box, a heating protocol similar to that used in the free MD simulations was applied. During each SMD trajectory, the centres of mass of Smc1A-head and Smc3-head were forced to separate 32.5 Å at a constant velocity over 13 ns (2.5 Å ns^−1^) with a spring constant of 5 kcal mol^−1^ Å^−2^, in the range of conditions used in similar SMD studies^[@CR72],\ [@CR73]^. The separation distance was kept constant for 0.1 ns at the start and end of each trajectory to better describe the quasi-equilibrium states at both ends. To avoid large rearrangements of the head structures during SMD, the Cα trace dihedrals were restrained with a 500 kcal mol^−1^ rad^−2^ force constant. The gap protection restraints used in the free MD simulations were also kept in the SMD simulations. For each calculation step, the distance between the centres of mass was recorded to later reconstruct the forces and work generated along each trajectory. The initial distance between the centres of mass was taken as the origin (0.0 Å) of separation in Fig. [4b and c](#Fig4){ref-type="fig"}.
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